Introduction
Precious metals, primarily Pt and Pd, are indispensable as active components in industrial catalysts intended for practical applications. In particular, they are very commonly utilized in diesel exhaust gas purification catalysts, and hence an increase in the demand for these precious metals is expected as the number of vehicles in use worldwide continues to grow and as emission controls in various countries become increasingly stringent 1) . A typical diesel after-treatment system is shown in Fig. 1 , in which the diesel oxidation catalyst (DOC) is situated on the inlet side of a series of units within the system. The DOC is necessary for the removal of the soluble organic fraction in the particulate matter (PM), as well as the removal of CO and hydrocarbons (HCs) present in the gas phase. Furthermore, to allow the regeneration of a diesel particulate filter (DPF) placed downstream of the DOC by burn-out of the filtered PM, DOCs with high catalytic activity for fuel oxidation are required so as to allow for active heating. This is performed by the catalytic combustion of fuel in the DOC, supplied by retarded combustion in the engine, by post injection into the engine cylinders, or by direct injection into the exhaust pipe. Additionally, the DOC works to oxidize NO to NO2 to promote the regeneration of the DPF through oxidation of the PM and the selective catalytic reduction of NOx using NH3 as a reductant 2) . In this catalytic system, precious metals are primarily employed in the DOC and DPF, in particular the DOC which may contain large quantities of such metals. Therefore, to reduce the amounts of such metals required in diesel exhaust systems, it is necessary to improve the efficiency with which they function in the DOC.
A DOC is composed primarily of a support material such as Al2O3 and an active component such as Pt or Pd, the latter being dispersed as nano-scale particles over the interior pore surfaces of the former. In this study, we focused our attention on the support material. To date, extensive research has been carried out to improve DOC support materials with regard to their compositions and pore structures. In terms of the composition, the addition of secondary components such as Fe 3) , Mn 4) , W 5) , and Si 6), 7) to Al2O3 has been investigated as a means of improving thermal durability and controlling the acidity/basicity balance. With regard to pore structure, multidimensional-structured Al2O3 materials possessing pores of different size scales, such as micro-meso macro 12) , have been studied worldwide in recent years with the expectation that larger pores play a role in the formation of gas diffusion channels and smaller pores act to distribute the active catalytic component 13) .
To date, however, individual systematic studies of these two effects on DOC activity have not been carried out, since these two factors affect one another. To enable individual evaluation of these two parameters, we prepared a large number of Al2O3 samples having different compositions and mesopore sizes via a sol-gel methodology. The aim of this study was therefore to improve the performance of an alumina-based DOC by optimization of both the composition and the pore structure in a comprehensive manner. Specifically, the following three aspects were investigated. 1) Optimization of the composition and mesopore size Screening of various secondary components added to the Al2O3 was initially performed, and optimization of both the composition and the mesopore size was investigated for SiO2-doped Al2O3, since SiO2 exhibited the highest activity among the secondary components investigated. To individually evaluate these two factors, we prepared 24 different types of Al2O3 having different SiO2 contents and mesopore sizes and investigated both factors separately by systematic comparison of the samples. 2) Optimization of the macropore size When liquid fuel mist is present in the reactant gas in the active heating process, there is a possibility that the mist will attach to the support surfaces and block the pore channel entrances, especially at low temperatures. If this occurs, the active sites present in the interior of the support will be isolated and the catalytic activity will consequently decrease. It is therefore expected that the catalytic performance at low temperatures can be improved by using a support material having relatively large macropores that may prevent pore blockage. We therefore focused on the effects of macropore sizes in the catalyst support on fuel mist oxidation.
3) Development of a meso-macro hybrid SiO2 _ Al2O3 support
In the above-mentioned investigations, it was suggested that the activity of an Al2O3-based DOC support would be improved by generating a hybrid structure having both larger mesopores and macropores. Therefore, we attempted to synthesize hybrid supports having both meso and macropores through the addition of a pore forming agent (PFA) during the SiO2 _ Al2O3 preparation process.
Experimental

1. Catalyst Preparation 1. 1. Al2O3 Supports Containing a Series of
Secondary Components Mesoporous Al2O3 supports containing a series of secondary components were prepared by the sol-gel method (Fig. 2) . The metallic salts listed in Table 1 were employed as starting materials for the secondary component M ( Si, Nb, W, Fe, Ti, Zr, Mg, and Ce) and were mixed with sulfuric acid to give acidic sol solutions. Each sol solution was mixed into an aqueous aluminum sulfate solution and then neutralized with an aqueous sodium hydrate solution, with the mixture maintained at a pH value above 12, resulting in the formation of a gel. The stabilized gels were rinsed with deionized water and then dried at 150 for 24 h and s u b s e q u e n t l y c a l c i n e d a t 620 f o r 2 h i n a i r. Especially in the case of Si, the mesopore size of the support was tailored by regulating the hydrothermal conditions during the drying and calcination processes. The resulting materials were crushed and sieved to obtain granules ranging in size from 0.10 to 0.25 mm.
These supports were loaded with platinum and/or palladium using Pt(NO2)2(NH3)2 and Pd(NO2)2(NH3)2 nitric acid solutions (Tanaka Kikinzoku Industry Co., Ltd.) as the precursors and employing the incipient wetness method. Following impregnation, the samples were dried and reduced under a flow of 10 % H2 in N2 at 400 for 1 h and then calcined either in air at 500 for 1 h, in the case of samples denoted as fresh, or at 750 for 50 h as a simulated thermal aging.
1. Al2O3 Supports Having Macropores
Three kinds of γ-Al2O3 having different macropore structures, denoted as Al2O3-2, 3, and 4 in Table 2 , were synthesized by varying the pressure in the molding machine (AUTOTAB-500, Ichihashi-Seiki Co., Ltd.) used to pelletize the Al(OH)3 powder (Mizusawa Industrial Chemicals, Ltd.). The resulting Al(OH)3 pellets were calcined at 600 for 2 h in air and were then crushed and sieved to obtain granules with a mean diameter of 100 μm. Commercial γ-Al2O3 without macropores, Al2O3-1, was used as a reference support. The impregnation of 1.0 wt% Pt into these supports was achieved by the incipient wetness method using a Pt(NO2)2(NH3)2 solution (Tanaka Kikinzoku Industry Co., Ltd.) as the Pt precursor. Following impregnation, the samples were dried and reduced in 10 % H2/N2 at 400 for 1 h, then calcined in air at 500 for 1 h. The obtained catalyst samples are referred to by abbreviations based on the support material, e.g. Al2O3-1. 24) . Copyright 2012 American Chemical Society.)
1. 3. Meso and Macropore Hybrid SiO2-Al2O3
Support The hybrid support was prepared by the same sol-gel method detailed in Section 2. 1. 1. The sol solution, composed of sodium silicate and aluminum sulfate solutions, was mixed with poly(methyl methacrylate) (mean particle diameter 3 μm) as the PFA 14) 16) and then neutralized with an aqueous sodium hydrate solution, resulting in the formation of a gel. The stabilized gels thus generated were rinsed with deionized water and then dried at 150 for 24 h and subsequently calcined at 620 for 2 h in air. For comparison purposes, a support was also prepared without using the PFA. The prepared supports were loaded with 0.9 wt% Pt and 0.1 wt% Pd using Pt(NO2)2(NH3)2 and Pd(NO2)2(NH3)2 solutions and employing the incipient wetness method. Following impregnation, the samples were dried and reduced under a flow of 10 % H2 in N2 at 400 for 1 h and then calcined in air at 750
for 50 h to simulate thermal aging.
Catalyst Characterization
Pore size distributions of the prepared samples were determined from nitrogen physisorption data acquired usi ng ga s s orption inst rumentation (Tristar II, Micromeritics Co., Ltd.) and applying BJH and BET analyses. Analysis by X-ray diffraction (SmartLab, Rigaku Corp.) was used to investigate the crystallographic structures of the support materials. The extent of dispersion of Pt and/or Pd was estimated from the specific CO adsorption, COadsorption/(Pt Pd)total (mol/ mol), obtained from pulsed CO chemisorption (R6015H, Ohkura Riken Inc.). Prior to the chemisorption of CO at 50 , the samples were oxidized in air and then reduced in H2 at 400 .
The acidity and basicity of the samples were characterized by temperature programmed desorption of NH3 and CO2 (NH3-TPD, CO2-TPD), respectively. After heat treatment in He at 500 for 1 h, each sample (0.30 g) was cooled to 100 under a He flow of 160 mL min -1 . Either 1000 ppm NH3 or 1000 ppm CO2 was then introduced for 20 min, and the sample was heated to 600 in a He flow at a heating rate of 5 min -1 . Concentrations of NH3 or CO2 in the outlet stream were analyzed every 30 s during the heating with a Fourier-transform infrared (FT-IR) spectrometer (Nicolet, Magna 560; resolution set at 0.5 cm -1 ) equipped with a multi-reflectance gas cell with an optical path length of 2 m.
3. Catalytic Activity Tests 3. 1. HC and NO Oxidation Activity Test
The catalytic activity of each sample was determined using a fixed-bed flow reactor. Catalyst samples (0.040 g, Pt Pd 1.0 wt%) were packed in a quartz glass tube (4 mm inner diameter and 310 mm long), and a simulated diesel exhaust gas composed of 1780 ppm (in terms of C) n-decane, 220 ppm (in terms of C) 1-methylnaphthalene, 200 ppm NO, 10 % H2O, and 5 % O2 with N2 as the balance was passed through the tube at a flow rate of 400 mL min -1 . The reactor temperature was lowered stepwise from 500 to 100 and the HC and NO conversions were measured at each temperature step using the FT-IR spectrometer equipped with the multi-reflectance gas cell. The catalytic activity for diesel HC oxidation was evaluated in terms of T50, which was defined as the temperature at which 50 % of the HC content in the reactant was converted to CO2. When evaluating the NO oxidation activity, the percentage of NO2 to total NO NO2 at 350 in the product gas was used as the index.
Additionally, to examine the validity of the simulated gas test results, the relationship between the mesopore size of the support material and the catalytic activity was simulated by computational fluid dynamics (CFD) calculations, following the same strategy and settings as those adopted in a previous study, using ANSYS CFX ® simulation software 17), 18) . The simulated system consisted of a three-dimensional BCC structure composed of mesoporous catalyst particles with a uniformly distributed diameter of 2 μm. Moreover, it was assumed that the reactants moved through the particle mesopores by Knudsen diffusion and by ordinary molecular diffusion between particles (i.e., within the macropores). The overall reaction rates, including diffusion during decane oxidation, were calculated over the mesopore range of 1-50 nm for a feed gas consisting of 2000 ppm (in terms of C) n-decane, 10 % H2O, and 5 % O2 with N2 as the balance.
3. Fuel Mist Oxidation Activity Test
The main difficulty in conducting fuel mist oxidation reactions on a laboratory scale is in supplying the desired amount of a fuel that has low volatility and a high boiling point. Mati et al. 19) investigated the influence of engine oil on the catalyst by vaporizing the oil and supplying it to the catalyst bed with a flow of N2 gas, but in this method the composition of the vaporized oil may vary with temperature and time, since the oil is composed of HCs with different boiling temperatures and volatilities. To avoid this problem, we constructed a reaction system for supplying fuel mist to the catalyst bed directly by employing an air atomizing nozzle normally used in inductively coupled plasma spectrometry (Fig. 3) . Decane (C10H22), 1-methylnaphthalene, gas oil [Japan Industrial Standard No. 2 grade] and a biodiesel fuel (BDF) derived from palm oil were used as the fuel samples. Each hydrocarbon was pressurized and introduced to the liquid mass flow controller (STEC, LV-F20; full scale 20 µL min -1 ) and supplied into an air atomizing nozzle made of quartz glass (Fujiwara Seisakujo, Ltd.). In this manner, a simulated exhaust gas, composed of 5000 ppm C as hydrocarbons, 10 % O2 and N2 as the balance, was passed through the catalyst at a flow rate of 1.0 L min -1 . The reactor tem-perature was decreased at the rate of 3 min -1 from 500 to 100 . The concentrations of CO and CO2 were continuously measured using a nondispersive IR gas analyzer (CGT-7000; Shimadzu Corp.). The catalytic activity of each sample was evaluated on the basis of T50 values.
Results and Discussion
1. Optimization of the Composition and the
Mesopore Size 20) Figure 4 summarizes the HC and NO oxidation activities before and after aging treatment for the 1 wt% Pt catalysts listed in Table 1 , synthesized using a series of secondary component-doped Al2O3. Before aging, only the catalyst containing SiO2 exhibited higher activity than the catalyst made using solely Al2O3 for both HC and NO oxidation. The activity of the SiO2-containing catalyst for NO oxidation was slightly decreased by aging, whereas the HC oxidation activity was actually improved and showed higher activity than the Al2O3-only catalyst. This result is not unexpected, since it has been demonstrated that the thermal stability of Al2O3 is increased by SiO2 doping 6), 7) . Thus we concluded that SiO2 represents a promising secondary component for the Al2O3 support in a DOC.
1. 1. Effect of the Secondary Component
1. 2. Effect of SiO2 Content
Tabl e 3 summ ari zes t he charact er izati on of 0.75 wt% Pt and 0.25 wt% Pd supported on a series of SiO2 _ Al2O3 materials and Fig. 5 presents the relationship between SiO2 content and mesopore size for these catalysts, from which it is evident that the mesopore size generally decreased as the SiO2 content increased. We speculate that the structural framework of the mesoporous alumina became increasingly dense as the result of the electrical interactions associated with increasing SiO4 4-doping 21) . It is also seen that the mesopore size increased as more vigorous hydrothermal conditions were applied, and thus hydrothermal treatments both in the drying and calcination processes ( in Fig. 5 ) resulted in the largest mesopores. We believe that shrinkage of the alumina framework during the drying and calcination processes was restrained for a longer period of time by the presence of water molecules in the gel. Figure 6 shows the relationship between SiO2 content and the HC and NO oxidation catalytic activities for the Pt _ Pd/SiO2 _ Al2O3 catalysts having a mesopore size of 7.5 0.2 nm. The extent of both HC and NO oxidation are seen to increase up to approximately 4 wt% SiO2, after which they both level off. From these results we concluded that the optimum SiO2 content in the Al2O3 was 4 wt%. Because the extent of Pt/ Pd dispersion was almost equal in each of these seven samples, except in the case of the 0.5 wt% SiO2 _ Al2O3, it appears that certain properties of the support material must have influenced the activity. Figure 7 shows the relationship between SiO2 content and the total uptake of NH3 and CO2 for the support samples with mesopore sizes of 7.5 0.2 nm, after aging and without precious metal loading. It is evident that, as the SiO2 content was increased, the CO2 uptake decreased dramatically, whereas there was only a minimal increase in the NH3 uptake. Based on these results, a decrease in the quantity of basic sites was suspected to be the primary factor associated with improvements in the catalytic activity for HC and NO oxidation. The effects of basicity in a DOC have been reported previously; the diesel NO oxidation activity of Pt/Al2O3 is decreased by increases in the quantity of basic sites on the support material, owing to the stabilization of acidic chemisorbed intermediates such as NO2 at the basic sites 22) . Additionally, HC oxidation activity has been reported to decrease concurrently with increases in the quantity of basic sites, owing to suppression of the formation of intermediate acrylate species ( _ CH CH _ COO _ ) 23) . Taken together, these results suggest that a similar promotional effect associated with reduced basicity appears in the SiO2 _ Al2O3 catalyst. Res., 51, 719 (2012) 24) . Copyright 2012 American Chemical Society.) 20) . Copyright 2014 American Chemical Society.)
The mean mesopore diameters of the supports were 7.5 0.2 nm. To estimate the effects of gas diffusion on this reaction system, the relationship between the mesopore size and diffusivity was investigated on the basis of CFD calculations. Figure 9 shows the calculated reaction rates at 260 , which demonstrate that the rate increases significantly with increases in mesopore size up to approximately 10 nm, after which it plateaus. Although the assumed gaseous conditions used for the simulation were not exactly the same as the experimental conditions, the calculated trend in which increased activity correlates with greater mesopore sizes agrees with the experimental results. Consequently, it was concluded that the observed activity increase was due to improved gas diffusion associated with mesopore size expansion. Because the calculations showed that the impact of increasing the mesopore size with regard to activity enhancement becomes negligible above 10 nm, it appears that the optimum mesopore size is in the vicinity of 10 nm. We therefore anticipate that the catalytic activity of the above-mentioned 3.9 wt% SiO2 _ Al2O3 sample could be further improved by increasing the mesopore size to 10 nm. 24) 3. 2. 1. Characterization Table 2 provides some physical properties of the samples used to investigate the effects of macropores and Fig. 10 shows their pore size distributions. All the samples had mesopores that were 5-10 nm in diameter, while the pore volume below 0.1 μm was nearly the same for each material. The prepared samples Al2O3-2, 3, and 4 had relatively high specific surface areas and also had macropores above 0.1 μm, which confirmed the formation of multidimensional pore 
2. Optimization of Macropore Size
. Copyright 2014 American Chemical Society.) Res., 53, 7992 (2014) 20) . Copyright 2014 American Chemical Society.) structures. The peak size of the macropores in the prepared samples changed monotonically from submicron to 2 μm as the pelletizing pressure was decreased. Field emission scanning electron microscope (FE-SEM) images are presented in Fig. 11 , from which it is evident that both samples were aggregates of secondary particles composed of primary particles of submicron size. It was confirmed that macropores on the micrometer scale were formed as void regions within the secondary particles in the Al2O3-4, while such macropores were rarely seen in the Al2O3-1. Figure 12 summarizes the T50 data from the activity tests using the experimental setup shown in Fig. 3 for the Pt/Al2O3 samples listed in Table 2 . In the case of decane oxidation, each of the four samples showed almost the same activity, with T50 ca. 160 for both the gas and mist oxidation. This suggests that the catalytic properties of the four samples were almost the same even though their specific surface areas and Pt dispersions were different to some extent. The volatility of decane is relatively high, since its boiling point is as low as 174 under atmospheric pressure, and the saturated vapor pressure at the experimental temperature (20 ) estimated from Antoine's Equation equates to 11,800 ppm C. Thus it appears that decane is immediately vaporized after its atomization from the nozzle in mist form. In contrast, during 1-methylnaphthalene, gas oil and BDF mist oxidation, the T50 values of those samples having larger macropores were approximately [15] [16] [17] [18] [19] [20] lower than the values obtained from samples with smaller or no macropores. The boiling point of 1-methylnaphthalene is 240 , while the 90 % distillation temperatures of gas oil and BDF are approximately 350 and 400 , respectively. Accordingly, the majority of each of these fuels will be present in mist form around their T50. This suggests that larger macropores are advantageous for mist oxidation whereas the activity for gaseous decane oxidation is not significantly affected by pore size. It is worth noting that, since the T50 of Al2O3-4 for BDF oxidation was almost equivalent to that of Al2O3-1 for gas oil, we may expect that a fuel that is less volatile than gas oil, such as BDF, is usable when utilizing a support having large macropores. Figure 13 shows a proposed schematic of the improvement of the catalytic oxidation of fuel mist having low volatility by macropore formation in the support. If relatively large macropores are present, diffusion channels are available even when the fuel mist attaches to the support surface, and thus the reactant gas can diffuse to the interior of the support and reach the active catalyst sites present in the mesopores. However, if the macropores are smaller, the channel entrances are blocked by attached mist particles that remain on the support surface, isolating the active sites present on the interior of the support, and thus decreasing the catalytic activity since the reactant gas can no longer reach the active sites. Res., 53, 7992 (2014) 20) . Copyright 2014 American Chemical Society.) Res., 51, 719 (2012) 24) . Copyright 2012 American Chemical Society.) Table 4 summarizes the characterization data for the SiO2 _ Al2O3 catalysts prepared with and without the PFA and loaded with 0.9 wt% Pt and 0.1 wt% Pd, while Fig. 14 shows SEM images of the sample prepared with the PFA. It was observed that spherical macropores around 3 μm in diameter were formed over part of the support surfaces, evidently due to the combustion of the PFA during the calcination procedure applied in catalyst preparation. Analysis of the pore distribution (Fig. 15) confirmed the formation of meso-macro hybrid pore structures, and thus utilizing the PFA during the sol-gel procedure was shown to be effective.
2. 2. Fuel Mist Oxidation Activity
The HC, NO and fuel mist oxidation reaction trials described in Sections 2. 3. 1. and 2. 3. 2. were subsequently performed using these catalysts, and the results were presented in Fig. 16 . Here it can be seen that the activity obtained with the hybrid support was higher than that obtained when using the support without macro- 24) . Copyright 2012 American Chemical Society.)
pores. This result is attributed to the effect of the macropores whereby the diffusion channels are secured, as discussed above. However, as shown in the SEM images in Fig. 14 , the formation of macropores was not maximized, and so the diffusion of reactants is expected to be improved by forming macropores more uniformly throughout the interior of the support. In addition, it is likely that the structural stability is decreased with increasing quantities of macropores, and so this effect must also be taken into consideration. We are currently investigating the optimum conditions for the preparation of hybrid supports.
Conclusion
We investigated means of improving Al2O3 supports for use in DOCs by the addition of a secondary component and the formation of pore structures. SiO2 added at 4 wt% was found to be the best secondary component and the consequent reduction of the basicity of the Al2O3 is believed to be the main reason for the promotional effect of this additive. The mesopore structure of the support can be controlled by use of the sol-gel synthesis method followed by hydrothermal treatments, and macropores can be formed by the addition of a PFA to the sol. These approaches appear to hold significant promise with regard to practical applications, since they offer a convenient means of improving DOCs without fundamentally changing the manufacturing process. Along with these initial studies, we have developed a pilot plant to prepare the improved support material. This plant is already operational and should be able to supply our support material to the market in the near future. 
